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The component structures of the skin carry
on active synthesis of complex proteins and a
wide variety of lipids. Little is known about the
intermediate pathways involved in these proc-
esses or of the sources of energy that facilitate
them in skin. In certain other mammalian tissues,
the catabolism of carbohydrates has been linked
to such anabolic processes as lipogenesis (1, 2).
As yet such a relationship has not been
established in skin.
However, the classical pathways of glucose
metabolism have been clearly demonstrated
partially in human and chiefly in animal skin. In
1927, Wohlgemuth showed that human skin
produces lactic acid from glucose in vitro (3).
Numerous other works have subsequently
confirmed the existence of the Embden-Meyerhof
pathway of glycolysis. Most of the enzymes of
the Krebs cycle have been clearly demonstrated
in human or animal skin (4, 5, 6). The presence
of glucosc-6 phosphate dehydrogenase and 6
phosphogluconic acid dehydrogcnase in skin by
Hershey and Mendle (7) suggests the presence of
the hexosemonophosphatc pathway in skin.
While these studies substantiate the potential
for carbohydrate metabolism in skin, they yield
little information about the activity of these
various pathways either in relation to each other
or to the total metabolic activity of the skin.
Among the few studies that contribute data on
the dynamics of carbohydrate metabolism have
been the demonstration of a high rate of aerobic
glycolysis in human skin (8) and the observation
by Cruickshank and Trotter (9) that oxygen
tension influences the utilization of glucose for
lactic acid production and oxidation.
Basic to an understanding of anabolic mecha-
nisms in skin would be further investigation of
the quantitative as well as qualitative disposition
of glucose. Thus, in the present investigations,
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we have examined the metabolism of isotopically
labeled glucose by surviving slices of human skin.
METHODS AND MATERIALS
Grossly normal skin was obtained at autopsy
from the abdomen and scalp 2—16 hours post
mortem. Hair was removed with clippers, and
debris carefully cleaned off with isotonic saline.
Subcutaneous tissues were trimmed away.
Circular sections of the whole skin were made with
an 8 mm surgical punch. The sections were sliced
horizontally to yield slices about 0.3 mm thick.
(Fig. 1). The first slice contained whole epidermis
with a small amount of corium, free of all dermal
appendages save hair follicles: these were desig-
nated as epidermal slices. When scalp was used,
the subsequent slices of dermis were inspected
under a dissecting microscope to estimate sebace-
ous gland content. In general, only the third
dermal slice was used to insure uniform and
maximal distribution of sebaceous glands. Histo-
logical confirmation was obtained.
Epidermal and dermal slices were incubated
separately. From 30—100 mg of epidermis and
100—200 mg of dermis were used per vessel. The
incubation medium consisted of 2 ml of Krebs-
Ringer-Bicarbonate (KRB) supplemented with
100 u penicillin and 100 u streptomycin per ml.
Glucose U-C-14, glucose 6-C-14, or glucose l-C-14
with specific activity of 1 to 2 microcuries/mg
(obtained from Nuclear of Chicago) was added to
the medium in concentrations of 1 mg/ml. Pre-
liminary experiments showed that no bacterial
growth occurred in the medium and that the
antibiotics did not affect the metabolic processes
under investigation.
Tissues and medium were placed in rubber-
stoppered, flat-bottomed, weighing flasks. The
stoppers were equipped with two glass inlets
which were sealed with serum vial stoppers. A
plastic cup was suspended beneath one of the
inlets. The ineubations were conducted at 37°C
in a Dubnnff Metabolic Incubator for 4 hours.
At the beginning of the experiments, the vessels
were gassed with 95 per cent 02/5 per cent CO2
through the glass inlets. At termination of the
experiment, using long *21 needles and tuberculin
syringes, 0.2 ml of 5 per cent NaOH was introduced
into the plastic cup and 0.2 ml of 10 N H2504 into
the medium. After evolution of CO2 was complete,
the contents of the plastic cup was transferred to
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tared centrifuge tubes. BaCO2 was precipitated
by the addition of 2.7 per cent NH4C1 and 1.2 per
cent BaCh. The precipitate was washed twice and
dried to constant weight. An aliquot was then
plated onto tared planchets for radioactive assay.
Tissues were saponified for 18 hours in a steam
bath in sealed tubes containing 4 ml alcoholic
KOH. Nonsaponifiable lipids were extracted from
the saponification mixture with 10 volumes of
petroleum ether. The extract was taken to dryness
and the nonsaponifiable lipids were resuspended
in acetone:ethyl alcohol (1:1). Sterols were pre-
cipitated from the acetone:alcohol extract by the
addition of digitonin in 50 per cent alcohol; the
precipitate was collected on tared filter paper
discs and assayed for radioactivity.
Following extraction of the nonsaponifiable
lipids, the residual saponification mixture was
acidified with 10 N 112S04 and fatty acids were
extracted with 10 volumes of petroleum ether.
The fatty acid extract was dried under nitrogen
and resuspended in 10 ml of petroleum ether. An
aliquot was transferred to nickel plated planchets
and, immediately after evaporation of the solvent,
was assayed for radioactivity.
Recovery of known amounts of labeled fatty
acids and sterols by this method was 00 per cent.
The radioactivity of the medium was assessed
at the beginning of each experiment. Net assimi-
lation of stable glucose from the medium was
determined by assay of initial and final glucose
concentration by the glucose oxidase method (10).
The lactic acid content of the medium was
determined by radioactive assay as follows: the
deproteinized medium was subjected to de-
scending paper chromatography in a system of
n-propyl alcohol-ethyl acetate-water (120—65—35).
The chromatograms were autoradiographed in
apposition to Ansco Non-screen X-ray film and
subsequently sprayed with naphtha resorcinol
phosphate and analine phosphate. Lactic acid was
identified by the use of radioactive lactic acid
markers and the area was cut out and eluted. The
eluate was then assayed for radioactivity.
In some experiments, tissues were analyzed for
free glucose. In these instances, acid and alkali
were not added to the vessels at the end of the
experiment. The tissues were removed immedi-
ately and homogenized in ice cold water. The
aqueous extract was deproteinized with 0.3 N
Ba (011)2 and 5 per cent ZnSO4 and analyzed for
glucose by the glucose oxidase method.
All radioactive assay was done in a thin, end-
window, flow counter (Nuclear of Chicago).
Sufficient counts were observed to reduce the
probable error of the measurement to per cent.
Self-absorption curves were applied to correct for
weights and appropriate corrections were made to
permit intercomparison of added radioactivity
and counts in lipids. CO2 and lactic acid.
RESULTS AND DISCUSSION
1. Metabolic Disposition of Glucose- U-C'-14
When Surviving slices of human scalp epidermis
and dermis were incubated with uniformly
labeled glucose, there was abundant assimilation
of substrate from the medium (Table 1). In
addition, radioactivity appeared in evolved CO2
and tissue lipids (Table 1).
Since less than 5 per cent of the assimilated
glucose could be accounted for in CO2 and lipids,
the quantitative formation of lactic acid and the
accumulation of free glucose in the tissues was
assessed.
Radioactive assay of lactic acid demonstrated
that 40 per cent of the added counts were con-
tained in this fraction. This suggests that a
major portion of assimilated glucose was con-
verted to lactic acid.
The estimation of the free glucose content of
the tissues is illustrated in Table 2. The ratio of
gm glucose per gram slice to jzgm glucose per
ml medium (S/M) was less than 1.0, indicating
that glucose was not concentrated by the tissues
and in no instance exceeded distribution in the
water content of the slices. Thus, when the ratio
of slices to medium was less than 100 mg to 1
ml, accumulation of free glucose accounted for
less than 10 per cent of the added substrate.
Since the above experiments were all con-
ducted with skin obtained at varying times after
death, it was of importance to assess the variation
in results introduced by post-mortem alterations
Fio. 1
EPIDERMAL SLICE
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TABLE 1
Metabolic Disposition of Glucose- U.-C-14 by Human Scalp Slices
Medium KRB + 1 mg/mI glucose (specific activity: 1 jhc/mg)
Incubation time: 4 hours
No. of
Exper.
Per cent added glucose per 100 mg tissue
Epidermis
Epidermis SD Dermis SD
Net glucose assimilation
C-14 carbon dioxide
C-14 fatty acids
C-14 sterols
8
8
5
5
56.4 7.5
2.63 1.01
.095 .035
.064 .043
24.8 11.0
0.84 .56
.028 .022
<.008
2.2 .5
3.1 .6
3.4 .9
>8
in metabolic activity. Sixteen pieces of skin
obtained from 2 to 20 hours post mortem were
examined. No consistent change in glucose
uptake or CO2 production was evident from 2 to
16 hours after death. Lipogenesis was slightly
more active in the 2 specimens obtained at less
than 3 hours. By 20 hours, both lipogenesis and
CO2 production declined appreciably, but glucose
uptake remained high. It seems likely that no
large, consistent error was introduced when
tissues were used up to 16 hours post mortem.
2. Correlation of Metabolic Activity with
Structural Components of Skin
Although the methods of separating the various
structural components of skin were necessarily
crude, a rough index of the relative activities of
certain cutaneous elements was obtained. In-
spection of Table 1 reveals that, on a wet weight
basis, scalp "epidermal" slices exceeded dermal
slices in glucose assimilation, CO2 production and
TABLE 2
Accumulation of Free Glucose by Skin Slices:
Results Expressed as i.sgm Glucose per Gm Slices!
sgm Glucose per Ml Medium (S/M) and as Per
Cent of Added Glucose/100 Mg Slice
Tissue: 40—100 mg wet weight/vessel. Medium:
1 ml KRB + 1000 gm glucose
Incubation: 3 hours
Final concen-
tration of
free glucose
gm/gm pgm/ml
slice medium
660 770
320 760
256 530
incorporation of radioactivity into fatty acids.
Ratios constructed for activity in epidermis to
activity in dermis (E/D) for these parameters
did not differ significantly from each other and
averaged 2.9. Radioactive sterols, however, while
present in epidermis, were almost negligible in
dermis.
E/D ratios for abdominal skin in 3 experiments
averaged 11.0. The metabolic activity of ab-
dominal epidermis was similar to that of scalp:
glucose assimilation, 53.5 per cent of added
glucose; C-14 02 production, 3.07 per cent; and
fatty acids, 0.16 per cent. Thus, the differences
between E/D ratios for scalp and abdominal
skin reflect differences in dermal activity and
might be related to the presence or absence of
dermal appendages.
Therefore, experiments were designed to assess
the contribution of pilosebaceous structures to
metabolic activity of dermis. In a representative
experiment, illustrated in Table 3, the activity
of successive slices of scalp skin was compared.
These slices consisted of a) the epidermal slice,
TABLE 3
Effect of the Presence of Sebaceous Glands on the
Metabolism of Glucose-U-C-14 by Human
Scalp Slices
.Ttssue Sebaceousglands
Per cent added
glucose
In CO2 Ic'
Average
E/D
Epidermis
Dermis
0
0
3.07
.43
.294
.046 6.8
Dermis +* .55 .052 5.6
Dermis ++* .66 .062 4.6
* + = 1—12 "gland" per slice; ++ = 25—
35 "glands" per slice.
Tissue
Scalp epidermis
Scalp dermis
Abdominal epidermis
S/M
.86
.43
.50
Per
cent
added
glucose
6.6
3.2
2.6
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b) the first dermal slice (D°) containing hair
follicles but no sebaceous glands, c) the second
dermal slice (Dj with a few sebaceous glands,
and d) the third dermal slice (D) in which the
majority of sebaceous glands were found and
which was the portion of dermis used in the
previously described experiments with scalp.
Hair follicles which traverse this entire area were
relatively constant in all slices. Sweat glands were
comparatively scarce, and hair bulbs and sub-
cutaneous fat were well below the last dermal
slice.
In Table 3 it can be seen that the slice con-
taining only follicles had greater activity relative
to dermis than comparable slices of glabrous
skin; here the E/D ratio was 6.8 as compared to
11.0 for abdominal slices. As increasing numbers
of sebaceous glands were present, an increase in
radioactive CO2 and fatty acids was evident.
Thus, the metabolic activity of dermis may be
roughly correlated with the presence of pilo-
sebaeeous structures.
3. Routes of Glucose Catabolism: The
Hexosemonophosphate Pathway
Because of recent investigations implicating
the hexosemonophosphate (HMP) pathway in
lipogenic mechanisms in other tissues it was of
interest to investigate the activity of this path-
way in human skin. The HMP pathway may be
examined by the comparative oxidation of
glucose specifically labeled at carbon 1 or carbon
6. CO2 derived from carbon 6 of glucose arises
primarily in the Krebs cycle, while CO2 from
carbon 1 of glucose reflects deearboxylation of car-
bon 1 in the HMP as well as in the Krebs cycle. It
follows, therefore, that when HMP activity is
present, ratios of CO2 derived from C-i glucose
to CO2 from C-6 glucose (C-i 02/C-6 02) will
exceed unity. In skin, as shown in Table 4, the
C-i 02/C-6 02 ratios were in excess of 1, thus
demonstrating the activity of the hexosemono-
phosphate pathway. No significant differences
were found for ratios from scalp and glabrous
skin or for epidermis and dermis.
The addition of an electron transfer agent
such as methylene blue has been shown to
accelerate glucose catabolism via the HMP
pathway in some tissues (11, 12). In skin a 2—4
fold increase in the C-i 02/C-6 02 ratios was
observed on the addition of methylene blue to the
incubating medium (Table 4).
TABLE 4
Ratios of CO2 from C-I and C-C Labeled Glocose
in Various Areas of Skin
Surviving slices incubated in KRB + 1 nig/ml
glucose with (+) or without (0) methyleue blue
(MB) i04M. Time: 4 hol2rs. Results expressed as
ratios of radioactivity from C-i or C-6 labeled
glucose in CO2 per 100 mg slices.
Tissue MB
C-i Os/C-C Os SD
Epidermis Dermis
Abdomen 7 0 3.07±.402.43±.3l
Scalp 8 0 2.77±482.76±68
Abdomen 1 0
+
2.64 2.13
7.34 4.32
Scalp 1 0 1.90 1.99
+ 8.20 9.30
Quantitation of HMP activity in various
tissues has been the subject of much controversy.
One method proposed by Abraham et at (13)
utilizes differences in the appearance of radio-
activity from C-i and C-6 glucose in lipids to
provide a minimal estimate of relative HMP
pathway activity. We were unable to demon-
strate consistent differences in the radioactivity
of fatty acids from the specifically labeled
glucoses.
Alternatively, the relative activity of the HMP
pathway may be evaluated in terms of net
glucose assimilation and in relation to Krebs
cycle activity (14). This method is particularly
useful, if, as in skin, the majority of glucose is
glycolizcd via the Embdcn-Mcyerhof pathway to
lactic acid and relatively little is broken down
further for lipogencsis or oxidation in the Krebs
cycle. The assumption is made that glycolysis
occurs only via the Embden-Meyerhof pathway
or the hexosemonophosphate pathway. Thus,
radioactive CO2 from glucose-6-C-i4 estimates
Krcbs cycle activity and the difference between
labeled CO2 from glucose-i-C-i4 and glucose-6-
C-l4 represents CO2 arising from decarboxylation
of glucose in the HMP pathway. Such calcu-
lations arc presented in Table 5.
It can be seen that more glucose was catabo-
lizcd in the HMP pathway than in the Krebs
cycle and that approximately 64 per cent of the
CO2 arising from both pathways was produced in
the HMP pathway.
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TABLE 5
Oxidation of Differentially Labeled Glucose via the
Krebs Cycle and Hexosemonopho.sphate Pathway
(HMP) in Human Scalp
Medium: 2 ml KRB + glucose-1-C-14
or glucose-6-C-14 (1 mg/mi)
Per rent of
assimilated
glurose oxi-
dized to CO2
via
via HMP
Krebs (C-i
(C-a 02-
02) C-S
02)
1.0 1.4
0.6 1.7
1.3 1.5
0.9 1.5
0.5 1.3
0.6 1.6
2.0 3.4
1.7 0.9
0.5 1.1
0.3 0.6
1.1 1.7
0.8 1.3
SUMMARY AND CONCLUSIONS
It has been demonstrated that human skin
from various areas readily metabolizes glucose
in vitro. In the presence of skin slices, physio-
logical concentrations of glucose-T1-C-14 were
abundantly utilized for glycolysis, production of
COz, and incorporation into fatty acids and
sterols. Since all experiments were conducted
with autopsy skin, extrapolation of the data to
fresh living skin must be viewed with caution;
however, preliminary observations on fresh
surgical tissue would indicate that the pathways
of glucose metabolism are not dissimilar.
The heterogeneity of skin made it desirable to
correlate these metabolic processes with
structural differences in various parts of the
integument. On a weight basis, the activity of
epidermal slices always exceeded that of dermis.
This difference was most marked in glabrous
skin where dermal appendages were scarce and
was least in the portions of scalp dermis where
sebaceous glands were plentiful. Since for any
given area of dermis the proportional disposition
of glucose into CO2 and fatty acids is constant,
as judged by the epidermal/dermal (E/D)
ratios, it would se m likely that the differences
in the metabolic activity of various portions of
dermis are conditioned by variations in the
overall rate of glucose assimilation. By using
serial slices of skin, it has been demonstrated
that the number of actively metabolizing cells
per unit weight may be in part the determinant
of net glucose assimilation. However, the present
data do not warrant conclusions on the
comparative rates of activity of epidermal and
sebaeeous gland cells.
The only qualitative difference demonstrated
between epidermis and dermis was the failure of
58 the latter to incorporate radioactivity into
sterols. This finding confirms similar evidence
presented by Nicolaides and Rothman (15) and
63 Patterson and Griesemer (16) and probably
72 reflects differences in the lipogenie potential of
73 the tissue rather than in metabolism of glucose.
63 Experiments conducted with specifically
35 labeled glucose have demonstrated the activity
of the hexosemonophosphate (HMP) pathway in
human skin. This assumes especial importance
64 in view of the role of glycolytie mechanisms in
63 lipogenesis in other tissues.From the present data some speculations
regarding the mechanism of syntheses in human
skin may be justified. In all tissues, anabolic
processes require both energy in the form of
ATP and a proper reductive environment which
is supplied by reduced pyridine nucleotides such
as TPNH. ATP is formed in both the Embden-
Meyerhof pathway of aerobic glycolysis and the
Krebs cycle. The latter is a far more efficient
source of ATP, providing at least 30 moles of
ATP per mole of glucose oxidized while glycolysis
of 1 mole of glucose to lactic acid furnishes only
2 moles of ATP. Equal amounts of reduced TPN
may be produced by the decarboxylation of
glucose in the HMP pathway or the Krebs cycle.
The present data, when coupled with other
published reports, document that all three
pathways are operative in skin. Their relative
role in the production of ATP and reduced TPN
remains to be determined. However, on the
basis of the high rate of glucose assimilation in
skin and the abundant production of lactic acid,
it may be inferred that aerobic glyeolysis to
lactic acid constitutes a major pathway of glucose
catabolism in skin. Indeed, if, as has been sug-
gested (4), Krebs cycle activity is limited in
Per rent of
CO2 arising
via via}Crebs HMP
No. of
Exper.
10
11
12
13
14
Mean
Net
glucose
assimi-
lation
(1igm/
100 mg)
928
368
1277
455
1105
495
1044
520
888
334
Tissue
Epidermis
Dermis
Epidermis
Dermis
Epidermis
Dermis
Epidermis
Dermis
Epidermis
Dermis
Epidermis
Dermis
42
26
46
37
28
27
37
65
31
33
36
37
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skin, the Embden-Meyerhof pathway may play
a major role in providing ATP for synthetic
processes. The data presented suggest that Tess
than 2 per cent of assimilated gTueose is oxidized
in the Krebs cycle while up to 70 per cent is
converted to lactic acid. Thus, for every 100
moles of glucose assimilated, the Krebs cycle
would provide 60 moles of ATP while the Emb-
den-Mcyerhof pathway furnished 140 moles of
ATP.
Moreover, as shown in the present data,
decarboxylation of glucose via the HMP pathway
provides more CO2 than the Krebs cycle. It
follows that glycolysis via the IIMP pathway
might constitute the more abundant source of
reduced TPN in skin.
In the face of limited Krebs cycle activity, the
association of ATP formation and reduced TPN
generation by glycolytie mechanisms may be the
major determinants of synthetic processes in
skin. Experiments to test this thesis are presently
in progress.
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DISCUSSION
DR. STEPHEN ROTITMAN (Chicago, Ill.): This
is a beautiful piece of work. I was impressed with
the demonstration of the shunt pathway and
with the finding that the Krebs cycle plays a
relatively minor role in cutaneous metabolism.
I noticed that the amount of lactic acid formed
in relation to the whole amount of glucose
metabolized was about the same in the eorium
as in the epidermis. This is surprising because it
has been always thought that intense glyeolysis
with lactic acid formation in presence of oxygen
is a specific feature of epithelial structures,
particularly of the epidermis. Could this have
been an effect of follicular epithelium in the
corium slices?
Da. RUTH K. FREINKEL (in closing): I should
like to thank Dr. Rothman for his comments.
It is true that epidermal elements were present
in the dermal slices: namely, hair follicles. We
have some data on this question which time did
not permit me to introduce. In serial sections of
scalp dermis we obtained some slices containing
only hair follicles and others with hair follicles
and varying numbers of sebaceous glands. The
presence of sebaceous glands did increase glucose
utilization, CO1 production and lipogenesis. I
therefore believe that sebaceous glands as well
as the epidermal structure contribute to the
metabolism of glucose by the dermis.
